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Spinel Co”™Zn,_,Al204 (0 < x < 1) nano-catalysts were synthesized by a simple Aloe vera plant
extracted green synthesis route. Powder XRD patterns and Rietveld analysis confirmed the forma-
tion of single phase, cubic spinel gahnite structure without other impurities. The lattice parameter
increased from 8.089 to 8.125 A with increasing content. The average crystallite sizes were
estimated using Scherrer’s method, and it was found to be in the range of 15.72 nm to 26.53 nm.
FT-IR spectra showed vibrational stretching frequencies corresponding to the spinel structure. HR-
SEM and HR-TEM images showed the features of well particle shaped crystals with nano-sized
grains. The elemental compositions of Co, Zn, Al and O were quantitatively obtained from EDX
analysis. The band gap energy estimated using Kubelka-Munk method by UV-Visible DRS method,
and the values are decreased with increasing the Co™ content (4.12 eV to 3.67 eV), due to the
formation of sub bands in between the energy gap. PL spectra showed emission bands in UV as
well as in the visible regions for ZnAljO”~ and Co-doped ZnAl204, due to the defect centers act-
ing as the trap levels. VSM measurements revealed that pure ZnAl204 has diamagnetic, while Co
doped ZnAIl204 samples (x = 0.2 to 0.8) have superparamagnetism, whereas the sample C0AI204
has ferromagnetic in nature. Catalytic oxidation of benzyl alcohol to benzaldehyde was found that
the sample Coo 6Zno4Al204 showed 93.25% conversion with 99.56% selectivity, whereas for pure

ZnAl204, the conversion was only 86.31% with 92.85% selectivity.
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1. INTRODUCTION

Nanocry.stalline spinels are a class of binary transition
metal oxide semiconductors signify an attractive materials,
which owing to their small size; exhibits novel physic-
ochemical properties.' - According to the distribution of
cations in tetrahedral (A-) and oetahedral (B-) sites, spinels
are classified into normal and inverse structure. In normal
spinel, the divalent (A™') cations on A-sites and the triva-
lent (B**) cations on B-sites, and is represented by the for-
mula "'(A*")'A(B"B’~)04. However, the inverse spinel,
with the formula "'(B'*)" (A" B )04, in which the diva-
lent cations occupy the B-sites and the trivalent cations
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are equally divided among A- and B-sites, where, A and
B represents the divalent (Co-®, Ni-", Cu™, Zn'*\ etc.)
and trivalent (Fe™, Al'+, etc.) cations occupying A- and
B-sites, respectively, of a cubic crystal structure with a
space group Fd-3m." “

Among various binary transition metal oxides, zinc alu-
minate (ZnAIl204), has gained lot of interest in multi-
di.sciplinary areas, due to their effectiveness in ceramics,
electronic, optical, catalyst, catalyst supports, aerospace,
paints, dielectrics and sensing applications,-" Spinel
ZnALO4 is a direct wide band gap .semiconductor with
optical band gap value of about 3.8 eV and may find appli-
cations in optoelectronic devices operated in the ultraviolet
region. Spinel ZnAljo4 offers many beneficial properties
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application.”

Several methods hale been used for the preparation of
nanocrvstalline ZnAld), sncli as hydroxide precursors.'
nncrovvave assisted hydrothermal,” co-precipitalion.”
sol-gel,"" hydrothermal," polymeric precursors,"™ tem-
plate assisted,” glycothermal," combustion” and solid-
state reaction™ methods. However, the above methods
need sophisticated equipment and are expensive. The
main disadvantages of the high temperature in sol-gel,
co-precipitation and other methods are that the products
obtained with higher particle si/e typically possess low
surface area and inhomogeneity. Moreover, the above
methods claims costly materials that generate toxic
organic/inorganic intermediates and laborious synthetic
procedures, thus leading to the tedious polluting process.
Also, the above methods of preparation procedures were
performed for long-time with high temperature.

However, the high surface area with a porous struc-
ture of ZnAl,()4 is of great importance for catalytic activ-
ity. Therefore, in the present study, an attempt is given
to synthesize single phase and porous ZnAl,04 with high
specific surface area using Alne vera plant extract by the
simple microwave-assisted combustion method (MCM).
Recently, a novel method has been developed with the
purpo.se of obtaining nanocrystalline solid materials with
porous structure and high surface area, called microwave-
assisted combustion method (MCM). In this method the
microwave energy interacts with the reactant {Aloe vera
and metal nitrates) raw materials at the molecular level,
and the energy transferred into heat, which is distributed
homogeneously through the material interior, results of
rapid heating, early phase formation of nanoparticles,
faster kinetics and energy saving, leading to a more homo-
geneous nucleation and a .shorter crystallization time than
other methods.In this method, the samples are pre-
pared at low temperatures, low cost with good control of
size, structure and morphology. Mixed oxides obtained by
MCM synthesis are usually nanocrystalline materials with
well controlled size, morphology and chemical composi-
tion with very interesting textural properties."*"

Generally, the combustion based preparation method
offers one of the most easily reached, fast and low
energy soft methods in comparison to the above said
methods. As a result, morphology, surface area, crys-
tallite size and other physicochemical properties can be
altered. In the present days, citric acid, urea, sucrose,
glycine, fc-alanine, starch, carbohydrazide, Af-methylurea
and hexamethylenetetramine are chosen as fuels for com-
bustion reactions.”™ However, the above fuels can reacts

with moi.Murc in humid air to produce a corrosixc. toxic
and irrualing miM. to which even shon expomircs Cc;in
cnu.cc SCl lon.c damage to hcallh. Therefore, simple and cost
effeelivc routes to synlhcsi/e nanueryslalilmc Zn.Al.O4 by
utili/ation of cheap, nontoxic and environmciually benign
precursors are still the kev issues

Aloe vera [Aloe lajrhadeiisis Miller) is a permanent
|Uie\ belonging to the Liliaeeal lamily. aul it is a eaeliis-
like plant that grows in hot. dry elimales.™ Recently. Aloe
vera plant extract gelling soliiliori has been used in the
preparation other materials such as ,-\u, Ag iianopaitides. *
MFc,)4 (M = Ni. Co. Mn, Mg, Zn) nanostructures."”
In,0, nanoparlicles,” (Ni-Cu-Zn)Fe,04 nanoslruetures.”
In the modern simple synthetic method using cheap pre-
cursors of aloe vera plant extracted gelling solution pro-
vides high-yield nanosized materials with well crystalline
structure and good oplo-magnetic and catalytic properties.
Also, the method can he used to prepare nanocrystalline
oxides of other interesting materials. The advantages of
Aloe vera plant extracted MCM route include the use of
cheap, nontoxic and environmentally benign precursors,
also the procedures are simple, without time-consuming
polymerization and problem with treatment of a highly vi.s-
eous polymeric resin and no need for higher temperature
calcinations and costly equipment.

Aluminium based spinel semiconductors represent itn
interesting class of oxide materials with significant tech-
nological applications in interdisciplinary areas. Moreover,
no literature precedence, to our knowledge, is available on
the synthesis and optical, magnetic and catalytic properties
of nano-scaled transition metal aluminates by a simple aloe
vera plant extracted MCM route. However, in our present
case, the samples were prepared using Alne vera plant
extracted MCM route is a green synthesis non-polluting
with low cost. Generally, MCM approach is fast, simple,
uniform heating, energy efficient and has been widely used
by many researchers. Therefore, if such a ZnAl204 with
high surface area could be conveniently prepared by MCM
route, and the obtained samples would be more attractive
for catalytic applications.

Among various nano-metal oxides, spinel-type mixed
oxides (AB204) are well known for their rich catalytic
action. Among them, Z11AI204 has been used extensively
as a heterogeneous catalyst and it can be recovered easily
from the reaction mixture by simple filtration and reused
several times, making the process more economically and
environmentally viable. These oxides arc non-toxic, inex-
pensive and they have high melting points, relatively high
surface areas and these properties make them suitable for
use as solid heterogeneous catalysts. Heterogeneous cat-
alytic nano-materials play a very important role in the
selective protection of functional groups in ways that are
economically advantageous and environmentally friendly.
The catalytic property of the nanocrystalline spinel metal
oxide semiconductors significantly depends on the distri-
bution of cations among the A- and B-sites of the spinels.



Jacobs cl al.-" csiabiislicil Ihal in spinels, ihc H-silcs arc
almost exclusively exposed in ihc crysialliles and Ihal ihc
calalylic aclix ily was mainly due lo K-caiions. Generally,
iwo main laclors alTecling the calalylic properly of cata-
lysis are the specific surface area and porous slrueture, and
typically a hiyh surface area aoes alon™ wiih small parti-
cle si/e, which enhances the catalytic activity. Walerczyk
ct al." have reported catalytic piopeilics ol nano-si/ed
7.n,._jCo, Al ,()j (1=1). 1.0) spinels and they found
lhal ihe sample Co,"Zn,,;Al.)4 with specific proper-
ties with good catalytic performance for phenol methyla-
lion 10 orlho-methylaled derivatives. It was acknowledged
that ZnAl,04 as an active and .selective catalyst.-\""" The
researchers reported, that the high active aluminate cat-
alysts, which enable obtaining methylated phenols"” and
efficient inethylation of 2- and 4-hydroxypyridine.-*-" The
catalytic properties in methylalion of phenol of ZnATO"
with incorporation of different metals (e.g.. Cu) were also
investigated.” Kapse et al.”* have reported nanocrystalline
Zn, "Co,AlI2()4 (x= 0, 0.2, 0.4. 0.6, 0.8, 1) .spinels pre-
pared by citrate sol-gel method for ethanol gas sensor
application. Studies on the optical, magnetic and catalytic
properties of spinel ZnAbQOj nanoparticles were carried
out by many researchers, but there is no reports found in
literature for the preparation of this material using Aloe
vera plant extract solution by MCM. In the present study,
we have reported the effect of Co""-doping on structural,
morphological, optical, magnetic and catalytic properties
of ZnAl204 nano-crystals prepared by a simple Aloe vera
plant extracted one-pot MCM route.

2. EXPERIMENTAL PART

2.1. Materials and Methods

All the chemicals used in this study were of analyti-
cal grade obtained from Merck, India and were used as
received without further purification. All chemicals such
as nitrates of zinc, cobalt and aluminum, and Aloe vera
plant extracted solution as the raw materials were used
for this method. Millipore water was used for the entire
preparation process of the samples. The Aloe vera leaves
were collected from the local agricultural fields, Athanur,
Peravurani, Thanjavur District 614804, Tamilnadu, India.
Aloe vera plant extracted solution was prepared from a
5 g portion of thoroughly washed Aloe vera leaves were
finely cut and the gel obtained was dissolved in 10 ml of
de-ionized water and stirred for 30 min to obtain a clear
solution. The resulting product was used as an Aloe vera
plant extracted solution.

In the preparation of ZnAl204 sample, zinc nitrate
(5 mmol) and aluminium nitrate (10 mmol) were fir.st di.s-
solved in the Aloe vera plant extracted solution under vig-
orous stirring at room temperature for 1 h until a clear
transparent solution was obtained. In this preparation pro-
cess, Aloe vera plant extracted solution has a double func-
tion of both reducing and gelling agent for the synthesis

of mixed metal oxides (.Scheme 1). Metal nitrate salts ;nul
Aloe vera plant extracted solution were chosen by consid-
ering the total reducing and oxidizing agent \alences of
the raw materials and were quanlilied in equivalence of
NOx reduction (N,0 to N,. CO, and 11,0) at a low tem-
perature. The precursor mixture of metal nitrates in Aloe
vera extract solution was placed in a domestic microwave
oven (.SAM.SI'NCi. India l.imiled) and exposed lo the
microwave energy in a 24S GHz multimode cavity at
830 W (or 10 min. Initially, the precursor mixture boiled
and underwent evaporation followed by the decomposition
with the evolution of gases. When the solution attained
the point of spontaneous combustion, ignition took place
resulting in a rapid flame and yielding solid fluffy final
products of mixed metal oxides. After completion of the
reaction, the obtained .solid [xiwder was then washed
with ethanol and dried at 70 °C for | h. The obtained
powders were labeled as ZnAl2)4, Co,|,.Zn|ujAl204,
Co,)4Zn)AAI204, QO(4.Zn,)4AI204, Co,)j,Zn|)2A1204 and
COAI204, respectively for x = 0.0, 0.2, 0.4. 0.6, 0.8 and |
in Co,Zn|_,Al,04 system.

2.2. Characterization Techniques

The structural characterization of spinel Co”Zn,_"Al204
(x=10.0, 0.2, 0.4, 0.6, 0.8 and 1) nano-crystals were per-
formed using a Rigaku Ultima X-ray diffractometer (XRD)
for 26 values ranging from 10 to 80° using Cu-Koi radi-
ation (A= 15418 A). Structural refinements using the
Rietveld method was carried out using PDXL program;
both refined lattice parameters and crystallite size of the
obtained powders were reported. The surface functional
groups were analyzed by Perkin Elmer FT-IR spectrome-
ter. The surface morphology of the samples was achieved
at desired magnification with a Joel JSM 6360 high reso-
lution scanning electron microscope (HR-SEM) equipped
with energy dispersive X-ray (EDX) for elemental com-
position analysis. The transmission electron micrographs
were carried out by Philips-TEM (CM20). The UV-Visible
diffuse rcllectance spectrum (DRS) was recorded using
Cary 100 UV-Visible spectrophotometer to estimate their
band gap. The photoluminescence (PL) properties were
recorded using Varian Cary Eclipse Fluorescence Spec-
trophotometer. Magnetic measurements were carried out

.Masteioai NUmte
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Scheme 1. Schematic diagram of preparation procedure of Aloe vera

plant extracted MCM synthesis of spinel Co,Zn,_,AlvOj (v= 0.0. 0.2,
0.4, 0.6, 0.8 and 1) nano-crystals.
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2.3. Catalytic Tcst

The oxidation ol ben/yl alcohol using spinel
Co.liii ,AlL()j nano-ervslals was earned out in a hatch
reactor operated iindei aimospherie eoiuliiions. .3 mmol ol
oxidant (M,(),) was added along with 0.3 g of nano-si“cd
spinel Co,7,n,_,Al,(), catalysts (v= 0.0. 0.2. 0.4. 0,6. OS
and 1) and the eontents were heated at 80 °C in an ace-
tonitrile medium for Sh in a three necked round bottom
Mesk equipped with a rellux conden.ser and thermometer.
The oxidized products after the catalytic reaction are
collected and studied using Agilent GC .spectrometer.
The column used for the study was DB wax column
(capillary column) of length 30 mm and helium was used
as the carrier gas. GC technique was carried out to know
the conversion percentage of the products. The yields of
benzaldehyde formed were calculated by the following
formula (1) and (2),

Conversion (%)
Std. peak area—Sample peak area
Sample peak area

Sample peak area
X 1 (2)
Total peak area

x 100 (1)

Selectivity (%) =

3. RESULTS AND DISCUSSION
3.1. Structural analysi.s
Powder X-ray diffraction (XRD) analysis was used to
investigate the phase structure and average crystallite size
of the .spinel COjZnj.~ALO., (x = 0.0, 0.2, 0.4, 0.6, 0.8
and 1) nanocrystals. Figure 1 shows the typical XRI) pat-
terns of spinel Co”~Zn,.,Al204 powders obtained at a dif-
ferent concentration of Co™ dopant. The characteristic
peaks at 20 of 31.24, 36.77, 38.72, 44.79, 49.11, 66.78,
69.42, 66.37, 74.29 and 77.66° are corre.sponding to (220),
(311), (222), (400), (331), (422), (611), (440), (620) and
(.633) diffraction planes. According to the XRT) patterns,
all diffraction peaks can be perfectly indexed as cen-
tered cubic spinel structured ZnALOj (JCPDS card no.
06-0669)™ and COAI204 (JCPDS card no. 38-0814),-"
respectively. The intensities and position of the peaks of
the synthesized powders are in agreement with those of
standard JCPDS and no other peak of any phase was
detected, which indicates that the prepared samples were
pure crystalline materials.

The average crystallite size calculated from the most
intense X-ray diffraction peak (311) using scherrer’s

Eq. (3),
= e (©)

where ‘O’ is the crystallite size, ‘A’ the X-ray wavelength,
w0’ the Bragg diffraction angle and 'fi' the full width

Figure 1. XRD patterns of spinel Co”Zn,.. AL.O, (v::0.0. 0.2. 0.4.
0.6. 0.8 and 1) nano-crystals.

at hair maximum (FWHM). The average crystallite size
was estimated by applying the SchciTcr’s equation on the
peak at 28 = 36.77° for all samples. The dependence of
the average Z11AI1204 crystallite sizes on the Co’" doping
concentration is shtiwn in the Table I. It was found that
the average crystallite size was higher (27.23 nm) for pure
Z1AI204 while the crystallite size decreased to 16.72 nm
for the Co-doped ZnAl204 {x = 6, i.e., COJf,Zn|,4Al204).
The XRD broadening peaks in COjZn|_jAl,04 samples
strongly suggest that Co-"* ions were successfully substi-
tuted into ZnAl,04 host structure. It can be seen that the
widths of peaks for the sample obtained at higher concen-
tration of Co-dopant (CO|,4Zn,,4A1204) are broader, indi-
cating that the crystallite size is very small. However, the
undoped ZnAl204 sample .show sharp peak results higher
crystallite size. However, further increase in Co doping,
X= 0.8 and 1 increased the crystallite size to 17.69 nm
and 21.86 nm re.spectively. The result reveal at lower dop-
ing of Co {x = 0.2, 0.4 and 0.6) controls and retards the
growth of the crystallite size, while higher doping of Co
(x = 0.8 and 1.0) favors the growth of the crystallite size
at the nucleation centers, which resulted higher crystallite
size. With increasing the Co’» content, the intensity of
the diffraction peaks decreases, which is associated with
a decrease in the crystalline size, but the position of the
peaks, remain unchanged. The broad diffraction lines of
samples indicated that the nano-crystalline nature of the
products. However, the effective crystallite size (D) cal-
culated using Scherrer’s equation for all the samples is
in good agreement with that of the results obtained by
Rietveld refinement XRD method as shown in Table 1

The lattice parameter of spinel Co,Zn, , AUO4 (v= 0,0,
0.2, 0.4, 0.6, 0.8 and 1) powders was calculated based on
the X-ray diffraction patterns using Eq. (4)

a = di, (0" + K-+ F-) @
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where, is the lattice constant, the intcrplanar  cubic spinel structure, but an increase of lattice parameters

spacing corresponding to the Miller indices, 7i,” 'k," and

the miller indices.™ The calculated values of lattice
parameters (lattice constant (a) and unit-cell volume) are
summarized in Table 1 It was found that the lattice con-
stant (a) is to be affected by the Co’'-dopant stoichiom-
etry. The value of lattice constant, a (8.0S9 A) for the
ZnAl,04 is in good agreement with that reported value
(8.088 A) by Wei and Chen." The lattice parameter almost
linearly increased by Co’+ content addition, thus obeying
Vegard’s rule. As tbe doping concentration of Co" content
increases from x = 0.2 to 1.0. the lattice constant increased
from 8091 to 8.12" A, which are consi.stent with ear-
lier reported results on Co’’ doped spinel ZnAl,()4 nano-
structures by Kapse et al."”* and Duan et al.”** Ardit ct al.
reported that the increase in lattice constant is due to the
different covalence degree exerted by the two oxygen coor-
dinated ions i.e., Zn and Co re.spectively.”* However, the
effectual lattice parameter (a) calculated using the above
formula for all the samples is in good agreement with that
of the results obtained by Rietveld refinement XRD anal-
ysis as shown in Table I.

Rietveld refinement XRD analysis were performed on
spinel Co4n, 4AI204 (x = 0.0, 0,2, 0.4, 0.6, 0.8 and 1)
samples using FULLPROF program,™ to characterize the
structural aspect of the materials. Rietveld refinement
XRD analysis was designed to refine simultaneously both
structural and microstructural parameters and the results
are summarized in Table | (Fig. 2). In Figure 2, the calcu-
lated patterns are shown in the same field as a .solid-line
curve in blue. The difference between ob.served and cal-
culated, is shown in the lower field in red. The observed
results by Rietveld XRD pattern of the samples, matches
well with the calculated one. No other new phases were
observed. All refinements were performed using typical
spinel phase crystal structure with a space group Fd3m.
The refinement confirmed the spinel-type structure of the
samples.”*"" During the refinements, the goodness of fit
is defined by 5 = where /2,p and R", are, respec-
tively, the /f-weighted and the R-expecled patterns. The
obtained values of the lattice parameter and crystallite size
from the Rietveld analysis are shown in Figure 3. Rietveld
analysis .show that all prepared samples had characteristic

(lattice constant and unit-cell volume), due to Co incorpo-
ration into Z1AI204 lattice. The lattice parameter almost
linearly increases by the addition of Co'+ content, thus
obeying Vegard’s rule. However, the ionic radii for tetra-
hedrally coordinated Zn" (0.60 A) and Co" (0.38 A)
as well as octahedrally coordinated Al" (0.53 A) and
Co" (0.65 A), one can expect the substitution Co" for
A-sites resulting in decrease of lattice parameters. How-
ever, in our present case lattice expansion is observed.

10 2) w 40 AW 60 70 80
2 Theta (degree)
Figure 2. XRD pattern refinements using the Rietvetd method of spinel

Co,7.n,_,Ai,04 (x = 0.0, 0.2. 0.4. 0.6, 0.8 and t) nano-crystais.



Figure 3. LaUice parameter and crystallite size (Scherer lormula,
Rietveld analysis) values of spinel Co”Zn, ,AUQj (a—0.0. 0.2, 0.4. 0.6,
0.8 and 1) nano-crystals.

which indicates that .some amount of Co™ should be in
B-sites leads to inversion of spinel structure.~"'Such
trend of ZnAKOj lattice expansion, due to Co doping has
been reported already by Popovic ct d**' Moreover, the
general formula for Co-doped ZnAl2()4 can be written as
"(Co,_,,Zn,_,Al,.) "(Al2,,COi)04, where X’ represents
the level of incorporated Co‘+ cations in the ZnAljOj
spinel structure, and “v' is the inversion parameter of the
spinel structure,"™" The differences in the results reported
in the literature (lattice parameters and crystallites size)
depend on the type of preparation methods, microwave
treatment timing, and molar ratio of the starting precur-
sors, nature and composition of dopant ions.

3.2. Fourier Transform Infrared (FT-IR) Analysis

FT-TR spectra of spinel Co,Zn|_,Al204 (a = 0.0, 0.2, 0.4,
0.6, 0.8 and 1) nano-crystals are shown in Figures 4{a)-(f).
Free water (H*O) molecule has a strong and broad

Figurc 4. IT-IR spectra of (a) ZnALO”?, (b) COo"Zim AljOj,
(c) COIinZniKALO,, (d) Co”Zn,,AL0,. (¢) CONZNMALOj and
(0 CoAt.Oj nano-crystals.

ah.sorplion baiul centered in the regii'n .'120- 3400 eni '

Il can be seen dial die bands a ammul .'4.'0 ciir' anil
at anmrid 16.'1 em ' are present in all eoniposuioiis.
u hieh can be assigned to the -Oi | strelehing and 11-0-11
bending vibrtilions of adsorbed 11,0. respectively. lhe
absorplion band al 2.42 em ' is due to the strelehing
vibralioii ot C(), Iroiii alimispliere. The titlsorbed 11 O can
be Jisuiigtiished from the -OH groups In die presence ol
I1-O -1l bending molion. which afso produces a medium
band in the region 1600-16.60 cm '. However, die band
al 1460 cm ' is due to the strelehing \ ihralion o f-N-il

group. The bands al .653-912 cno' conlirm the formation
of normal spinel structure of 7nAUOA4. In all compositions
of ZnAUQj samples, the metal-oxygen stretching frequen-
cies are reported in the range 600-900 cm™', associated
with the vibrations of M-(), AM) and M-O-Al bonds
(M = Zn, Co).” Generally, FT-IR spectra was measured in
air atmosphere condition, which results in rapid adsorption
of H,(l from the atmosphere, due to the very high surface
area of the as-prepared spinel nano-crystals.”

3.3. Scanning Electron Micro.scopy (SEM) Studies
The high resolution scanning electron microscopy (HR-
SEM) result shows that the morphologies of the
nanocrystalline .spinel Co,Zn, ,Al204 (r = 0.0, 0.2,
0.4, 0.6, 0.8 and 1) powders. Figures 5(a)-(f) shows
HR-SEM  images of ZnAl,04, CO||2Zn|,|(Al204,
COd‘ZUiiMAEQj, CoudZn|4Al204, Co,|uZn,|,Al204 and
CoAROj, respectively. However, the .surface morphologies
of Co4Zn|_,Al,04 nano-crystals as seen from the HR-
SEM consists of well developed particles with different
shape and size of crystals with less uniform; varying size
distribution with relatively well crystallized grain size
smaller than 100 nm. Moreover, the particle with smaller
porosity development is mainly due to the Aloe vera plant
extract gelling solution for this combustion process. Dur-
ing the MCM process, the volatile gases such as N2, COj,
02, and H20 as vapor phase escapes, and these are the
main factors in creating such rudimentary pore .structure
in the spinel Co”Zni.*AROQj nano-cry.stals. However, the
Aloe vera plant extract solution act as gelling as well as
reducing agent in this method.

3.4. Transmission Electron Microscopy (TEM) Studies
The average crystallite size estimated from the XRD and
Rietveld relinement XRD data agree with HR-TEM inves-
tigations. HR-TEM images of Co,Zn, ,Al204 (x = 0.2
and 0.6) powders arc provided in Figures 6(a)-(d). The
small amount of agglomerations was observed in the HR-
TEM micrographs. However, these nanoparticles are in
the range of 16-27 nm in diameter; these values are in
good agreement with the values obtained from XRD data.
The selected area electron diffraction (SAED) patterns,
presented in the Figures 6(e), (f), correspond to that of
a spinel phase, confirm that the nano-crystals are com-
posed of ZnAl,04. The SAED pattern implies that the
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as-prepared spinel ZnAUQOa nano-crysials are good crys-
talline materials and single crystalline in nature. From
the HR-TEM image (Figs. 6(c) and (d)). it can be found
that the ZnAljOa nano-crystals are cubic single crys-
talline and the distance between the two adjacent planes is
approximately 0.264 nm (CO|,2Zn(,|jAl,04) and 0.273 nm
(CQJ|f,Zn|,4AI1204), respectively, which is in accordance
with the (311) lattice fringes in the spinel nano-cry.stals,
which is in agreement with the XRD results. In this present
work, metal nitrates and Aloe vera plant extracted solu-
tion as the precursors are converted into single crystalline
ZnAl204 nano-crystals, within 10 min, under the irradia-
tion of microwaves.

HR-SEM images of (a) ZnAl,Qj, (b) Co,,3Zn,,sAl,04. (c) Co,4Zn4,Ai,04. (d) Co,,.Zn,4Alj04, (e) COosZn,,Al,04 and (f) CoAljo4

3.5. Formation Mechanism of Spinel
Co4zn,_j*AlI204 Nano-Crystals

The formation mechanism of spinel COjZn, jAI204 nano-
crystals was proposed in Scheme 1. MCM route is one of
the simplest techniques for preparing of numerous inor-
ganic nanomaterials. Tn this present study, MCM approach
was used .succe.s.sfully for .synthesizing of Co,Zn|_jAl1204
nano-crystals; using metal nitrates and Aloe vera plant
extract gelling solution as raw materials without any other
catalyst and surfactants. Th this combustion synthesis. Aloe
vera plant extracted solution act as a complexing agent,
which is homogeneously mixes with metal cations in
atomic scale. It is believed that, during the combustion



Figure 6.

reaction, the microwave energy is used to nucleation
growth of metallic Zn’» and AI'” cations mixture obtained
with a very short time was subjected in the microwave
irradiation. Consequently, when the resulting metal nuclei
were oxidized quickly in a microwave irradiation treat-
ment to formed products within few minutes of time with
narrow size range was obtained."* Moreover, it is believed
that Aloe vera plant extracted gelling solution here func-
tions as a complexing and gelling agent in a solution and
also acts as reducing agent. Interestingly, in this present
study, when a mixed .solution of Aloe vera plant extract
and metal cations is subjected to microwave heating pro-
cess, Co4Zn, 4AI1304 nano-crystals can be easily formed
at low temperature with short reaction time. Thus, in the
MCM process, nucleation and nuclei growth taking place,
this facilitates obtaining nuclei with a narrow range of par-
ticle sizes. The results proved that the microwave irradia-
tion method is a fast and easy synthesis method, due to that

HR-TEM images and SAED patterns of COJi2Zny j;AUO™ (a), (b). (e) and Co,,fiZn,,4AE04 (c), (d), (0 nano-crystals.

the microwave energy can directly interact with the mate-
rial interior, which results in a well-developed nano-sized
particles within few minutes of time and there is no need
for further calcinations. However, the specific .surface area
of the .sample prepared in MCM method is higher. This is
due to the fact that the microwave irradiation is volumetric
and homogeneous throughout the materials. Thus, it could
he postulated that the microwave irradiation has an overall
inlluence on the reaction rate, nanoparticle size and shape
control. This method is simple and inexpensive one.

3.6. Energy Dispersive X-Ray (EDX) Studies

Energy dispersive X-ray (EDX) analy.sis of the as-prepared
spinel Co,Zn|_4Al,04 nano-crystals is shown in Figure 7.
Figures 7(a)-(d) shows the EDX spectra of Z1AI204,
CQli4Zn,,AAlI204, CQ|),,Zn,AAI204 and COAI204, respec-
tively. EDX results showed that the peaks of Zn, Co, Al
and O elements in Co,Zn|_,A1204 nano-crystals and there



Figure 7.

is no Other peak, which confirmed the as-prepared sam-
ples are pure. A small peak is appeared at 2.1 KeV for all
the samples, which indicated the presence of gold (Au),
which has been u.sed as a sputter coating, while preparing
the sample for HR-SEM analysis for the better visibility
of the surface morphttlogy.

3.7. Nj Adsorption/Desorption Isotherms

In order to have an idea of the adsorbanee compe-
tence of Co"Zn, "“Al204 nano-crystals, BET surface area
was detenttined using N2 adsorption/desorption stud-
ies. However, BET studies revealed the specific relation
between the concentration of the adsorbate and its adsorp-
tion degree onto the adsorbent surface. The Nj adsorp-
tion/desorption isotherm values at 77 K of the spinel
Co_,Zn, ,Al204 nano-cry.stals are given in Table IT. It is
well known that the surface area parameters of the samples

Table tl. BET surface area, average pore diameter and pore volume of
spinel Co,7.n,_,Al,04 (a= 0.0, 0.2, 0.4, 0.6, 0.8 and 1) nano-crystal.s.

BET surface Average pore Total pore
Samples area (m-/g) radius (A) volume (cmVg)
ZnAl204 37.22 82.54 0.185
Co,,-,Zn,,"Al-,0, 40.43 84.67 0.174
Qon,Zn,,,.Al,0, 48.35 85.97 0.161
COn,.Zn,, 1Al-,0, 63.54 92.17 0.142
Co,47n,,Al,04 68.79 87.85 0.155
CoAljO., 55.95 85.64 0.159

@)

or 1}j-8 In2i

A40; lilgn
S 3D I
mial Tw»* 1

EDX spectra of (a) ZnAfO~. (b) Co,ijZn,,,Al,0,. (c) Co,,,Zn,,jAl,04 and (d) CoAl.O”™ nano-crystals.

varied according to the concentration of the Co dopant.
However, the sample Co,,,iZn,,4A1204 spinel has highest
surface area of 63.14 m’/g than other samples. In MCM
process, an efficient and a homogeneous healing would
result in a rapid and unifonuity nucleation followed by
the growth of spinel Co4Zn, 4AI204 nano-cry.stals. In gen-
eral, due to the microwave irradiation, the speed of nucle-
ation and growth, this smaller will be the size of the
Co4zn,_"Al204 nano-crystals. However, MCM reaction is
completed within few minutes in a domestic microwave
oven with the temperature ranges 150—400 °C. Within the
limited time with low temperature, nucleation and growth
has to be finished, due to the homogeneous distribution of
microwave energy to the material interior. Hence, the high
surface area of the nano-cry.stals with smaller and narrow
di.stribution.

3.8. UilTuse Reflectance Spectroscopy (ORS)

The fundamental process of UV-Visible absorption or
reflectance or transmittance of light by nano-sized semi-
conducting metal oxides is significant to their electronic
structures. Hence, the UV-Visible diffuse reflectance spec-
troscopy (DRS) studies play a vital role in estimating the
band gap energy. The optical band gap energy was calcu-
lated using Tauc relation.The Kubclka-Munk function
is generally applied to convert the diffuse rcllcctance into
equivalent absorption coefficient and mo.stly used for ana-
lyzing the powder samples."* The Kubelka-Munk function



/m(A) was ucd 10 oalciilall' die band “ap onergy ol llic
ilanoaAsiallinc Co,7,ii| ,Al,Oj samples. Thus ihc vcriical
a\i," is convened nuo ijuanlity /mA’) wliieli is eiliial lo die
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where, A(A) is Kuhelka-Mimk rmielion, 'o"' the absorp-
tion eoeriieiem. 'R" the reneelanee. Thus the Tauc relation
becomes.

F{R)liv = A[hv —E"" (6)

where n —\j2 and 2 for direct and indirect transitions,
respectively, thus giving direct and indirect band gaps.
The plots of {F{R)liv)- versus hv for all compositions are
shown in Figure 8. F.xtrapolation of linear regions of these
plots to [F(R)liv)- = 0 gives the direct band gap values.

The optical band gap energy values for all composi-
tion of Co,Zil_,Al,04 as shown in Table | (Fig. 9). The
direct band gap value of the pure ZnAFOj was ob.served
to be 4.12 eV, which is higher than the reported value of
bulk spinel ZiiAI204 (i.c., .48 eV), suggesting a blue shift
which may be due to quantum confinement phenomena.
The observed higher band gap energy is due to smaller size
of ZnAl,04 particles.*” Conversely, the band gap energy
decrea.ses from 3.92 to 3.67 eV with increase in Co-" con-
tent (@ = 0.2 lo 1) in ZnAl,()4 matrices, flowever, this kind
of band gap narrowing trend have been observed by Ming
et d™ and Ahmed et a.**’ for doped SnO, nano parti-
cles. This detail can be associated to the difference in the
electronic structure of the Co”™" dopant. The decrease in
band gap may also be due to the sp-d exchange interac-
tion between the localized r/-clectrons of Co-"* ions and
band electrons of ZnAl204. Thus, the contraction band gap
with Co doping could be due to the formation of sub-
bands in between the energy band gap and merging of their
sub-bands with the conduction band to form a continuous
band.”*’

3.9. I’hotoluniinesccnce (PF) Sludies

The photoluminescence (PL) spectra were recorded to
investigate the recombination phenomena in the metal
oxide semiconductors. Moreover, PL spectrum gives the
information about the band gap with the relative active
position of sub band gap defect stales of the metal oxide
semieonduetors."" Generally, ZnALO04 is employed as the
ceramic material, and doped with transition metals (e.g.,
Cu and Co) as the activator and co-activator. Cheng et a."*
reported the room temperature PL properties of ZnALOj
samples doped with Fu” . However, in this present study,
we have reported the PL properties of ZnAl2()4 spinel
doped with Co™ . Figure 10 demonstrates the room tem-
perature PL spectra recorded at A,, = 220 nm of ZnAl204
samples prepared with various doping concentration of
Co-' content and ob.served emission bands in UV as well

as ill the visible regions. A small hand is observed at
301 iim is ascribed to the near band-edge (NBF.) emission
of wide band gtip of ZiiAl.O, due lo the reeombiiiatum ol
free eveiloiis through an exeiloii-eveiion process.

The estimated band gtip (4.12 eV) from the NBI-
emission i* in agreement with the band gap estimated
from Kubelka-Munk plot derived fmin ihi- DIFS speelia.
Chen el al." have reported the PI. results ol /.ii.Al.Qj
al A, = 22(1 iim without ilopiiig any metals, and they
observed broad eiiiissioii hands eenlered al t23 nm. wtiieli
are in agreement with the band gap of hulk ZiiAL(4
(i.c.,, 3.8 ¢V). In the prc.senl study, spinel Co,Zii|_"ALO4
(r=0.0, 0.2, 0.4, 0.6, 0.8 and 1) .samples shows a peak
corresponding lo violet emission centered at 443 nm, due
to the radiating defects related to the interface traps exist-
ing al the grain boundaries. Also, blue emissions (4.59
and 48.S nm) appeared, which represent a deep level visi-
ble emissions associated with localized levels in the band
gap.** A green emission centered at ,343 nm, may be
ascribed to the oxygen vacancies. It is found from the PL
spectra that the emission characteristics are governed by
the defect controlled proces.ses.

However, it is observed that the doping of Co” in
ZUTALOA4 structure decreases the luminescence intensity
with an increase in .1 values. Although, the defect con-
trolled processes in all compositions the PL intensity
decreases, due lo the decrease in distance between the
dopant (activator) and the array. Thus, the results are .sug-
gestive that the various emi.ssions in the Co,Zn, ,Al204
spinel arises, due lo the defect centers that act as trap lev-
eks, which leads to the appearance of new electronic energy
levels between the valence and the conduction band.

3.10. Magnetic Measurements

The magnetization behavior of Co,Zn|_jAL04 (r = 0.0,
0.2, 0.4, 0.6, 0.8 and 1) nano-crystals were investigated by
sweeping the external magnetic field between +1,3 kOe al
300 K using room temperature vibrating sample magne-
tometer (VSM). Magnetizations {M) versus magnetic field
(H) behavior plots are shown in Figure 11 and the val-
ues are summarized in Table 111 These curves are typ-
ical for a soft magnetic material and indicate hysteresis
dia, superpara and ferromagnetism in the field ranges of
+15 kOe. The inset in Figure 11 shows the magnetic
behavior of COALO4. The observed saturation magneti-
zation (A7s), remanent magnetization (A7,) and coercivity
(7)) values are reported in Table 111 A small hystere-
sis was observed for ZnAl,04 sample shows horizontal
line with small hy.sleresis curve indicating a diamagnetic
behavior. However, the doping of magnetic nature of Co”
ions in Zn-* sites leads ZnALC), to pos.sess magnetic
property. All the Co” doped ZnALOj (.r = 0.2, 0.4, 0.6,
0.8 and 1) nano-crystals di.splay 'hysteresis' type curve.
This is a typical behavior of superparamagnelism for Co-
doped ZnAl,04 (a= 0.2, 0.4, 0.6 and 0.8) nano-crystals.



@
Annii
2iniid
)

/
Sddu ///

! 4.12¢Ccv

I 20 2A VO VS 40 45 50 55 60 65

o' (eVv)
hv (cV)
hv (eV)
Figure 8.
nano-crystals.

whereas, pure COAI204 nano-crystals show the ferromag-
netic behavior, where magnetization increased with the
applied field and does not saturate even at +15 kQOe. Thus,
in the present study, introducing Co™ as a dopant in
the ZnAl204 matrix, leads to the conversion of diamag-
netism (ZnAU04) into superparamagnetic (Co™* doped
ZnAlT04: x = 0.2, 0.4, 0.6 and 0.8) and then ferromagnetic
(CoAL04) material with increasing the specific satura-
tion magnetization (MJ. The observed magnetic property
might be due to the combination of the particle size and
cobalt ion doping. When the spinel Co,Zn|_,Al2()4 nano-
crystals were formed by the heating of microwaves, more
oxygen defects or zinc vacancies were formed on the
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UV-Vis DRS spectra of (a) ZnAhO”, (b) COojZilhhAUO, (c) Coo4Zn,,6A1,04. (d) Coo"Zno"AKON, (c) CONZYAINON and (f) CoAlLOj

surface of the particles and these defects could cause and
re.sults that the AN occupied A-sites more easily, despite
Co™" ions can occupy B-sites. The antisites of Af™ ions
in sites of Co™* cause the charge unbalanced, in order to
balance the charge in the nano-crystals, the electrons of
the nearest neighboring Oj close to the AlI’*, which cause
the spin polarization and result in the ferromagnetism.
However, it is observ'ed that and W values of the
spinel Co,Zn|_jAl204 nano-crystals gradually increased
with the increase of Co-* content {x = 0.2 to 1.0) this
can he attributed to the non-magnctic nature of Zm* sub-
stituted by magnetic nature of Co™+. TTie obtained re.sult
show that the value of  is lower (0.057 emu/g) for pure



Band gap values of Co,/.n,_~AlLOj (v= 00. 0.2. 04. 0.6.
0.8 and 1) nano-cry.stal.s.

ZhAItQj, and it is increased from 6.571 to 42.53 emii/g
with increase the concentration of Co™ (x = 0.2 to 1.0).
which can be attributed to the non-magnetic nature of Zn-'
ions (0 /xB) substituted by the higher magnetic moments
of Co-+ (3 fiB) ions at the octahedral (B-) sites. Norton
et a.”* and Park et al.\" also reported that magnetic nature
of Co™ doped ZnO have superparamagnetic properties
assigned to Co nano-cluster. It is well known that ~ value
of the magnetic material is dependent on the size, mor-
phology and structure of the samples.”™™

3.11. Catalytic Test

It is well known that the catalytic activity of nano-
materials depends strongly on particle size, morphology
and microstructure. The preparation and characterization
of nano-crystals with well-controlled size, .shape and

Figurc to, PL spectra of (a) ZnAlI"Oj, (b) Co,,2Zn,,,AlD0.,,
(c) COiuzZnoftALOj, (d) Co,j,.Zn,JALO”N (e) Co,gZn, ALOj and
(f) COAUO4 nano-crystals.

Figun'll.  Magnetic liyslercsis (A/-/l) loops of Co.Zn,_AlOj
(vV=0.0. 0.2. 0.4. 0.6, 0.8 and 1] nano-cryslals.

chemical homogeneity are important for catalytic
purposes.”™™ In the present study, the catalytic study
showed that the nature and concentration of the dopant
ions had a strong inlluence on both the conversion and
product selectivity. The catalytic results were summarized
in Table W. In general, the resultants the spinel aluminates
display clear difference in the .selective oxidation of benzyl
alcohol. In order to find efficient re.sults for the catalytic
oxidation of benzyl alcohol, the reaction environments
were altered by studying the effect of surface area, effect
of particle size, effect of .sample composition (x = 0.0 to
10), effect of catalyst amount (0.1-0.8 g), effect of reac-
tion time (1-5 h), effect of oxidant and solvents.

3.11.1. Effect of Surface Area

Generally, the catalyst with a high specific surface area
has a favorable effect on the catalytic activity. In this
present work, the surface area of Co”Zn|,,jAI204 (.r= 0.0,
0.2, 0.4, 0.6, 0.8 and 1) nano-catalysts gradually increased
with increase of Co™ content until x = 0.6, and rapidly
decreased for x larger than 0.6, i.e, x = 0.8 and 0.1
(Table 1I), this can be attributed to the magnetic char-
acter, and the anisotropic nature of GJ*** ions replaced
the non-magnetic nature of Z™" ions. The sample

Table HI. Mtigiietic properties (magnetization, reinanant and coer-
civity) of spinel Co.Zn,_.Al,0,, (v = 0.0. 0.2. 04. 06. 0.8 and 1)
nano-crystals.

Coercivity. Retentivity, M, Magnetization.
vSainplcs (Oc) (x 107 (cinu/g) (X10”4Y (emu/g)
ZnAL.ON 24.94 0.132 0.057
Co,, ,Zn,,vAl 0, 63.78 1175 6.571
Coo ,Zn,NA,0, 92.61 1.463 18.35
Co,r.zn,, ,Al0, 164.6 .836 24.46
Co,,j,Zn,,,Al,04 214.9 5.289 28.92
CoAljo, 283.7 11.16 42.53
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CQli5Zn,|4Al,04 had higher surface area (63.54 m"/g)
than other samples, due to the smaller particle size of
Co,.ftZn|,4A1,04 nano-calaly.st. Furthermore, the .sample
CO||"Zn,,4AI204 showed better catalytic activity than other
samples (Fig. 12). However, the high surface area of
Co,|"Zn,,4AU()4 nano-particle was useful to catalytic activ-
ity via enhancing the adsorption of benzyl alcohol, which
is the determining step in the catalytic reaction.™ It was
found that the conversion of benzyl alcohol into benzalde-
hyde for the sample CO(,6Zn,,4Al,04 was 93.25% with
99.56% selectivity, whereas the undoped ZnAl2()4 sample,
the conversion was only 86,31% with 92.85% selectivity.
However, the CO||6Zn,,4Al204 catalyst with high surface
area displays the best performance in the selective oxida-
tion of benzyl alcohol to benzaldehyde.

3.11.2. Effect of Particle Size

The particle size of spinel Co4zn, ~Al,04 {x = 0.0, 0.2,
0.4, 0.6, 0.8 and 1) nano-catalysts play an important
role in the catalytic activity. Besides, as the particle size
decreases, the number of surface active sites increases

Figure 12. Catalytic  activities (reaction  conditions:  Catalyst
(Co,Zn,_,A104. where x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1), 0.5 g; Benzyt
alcohol. 5 mmol; Acetonitrile. 5 mmoi; H,0,, 5 mmol: temperature.
80 “C. time, 5 h).

in the catalysts. Thus, il is expected that the sample
Co,|,,Zn,| |Al,()| nano-particles with very smaller particle
size tlislrihuiion woulil be a potentially cfitcieni ealalysl
(Fig. 12). due to the larger surface area coverage and
belter atfsorplion behavior, which in lurii leads to the
efficient calalvsis. However, the sample CO|,,,Zn,4Al,()4
naiio-calalvsls h;ul smtillcr parlieic si/e disliihiilion, as
indiciiled hy the XRIX Rielveltl and IIR-.SF.M data, which
showed considerahly higher catalytic activity for the oxi-
daliirn tf benzyl alcohol than other samples. In addition,
when the size of particles decreases, the amount of disper-
sion of particles per volume in the solution will increase,
this re.sulls the enhancement of catalytic activity. There-
fore, the catalytic activity of O0(4Zn,,4Al,04 nano-particle
is higher than the other samples. Although, the differences
in the activities of spinel Co4zii|_,Al204 nano-catalysts
in terms of conversion and product yield are remarkable
and the reaction time was shortened in case of catalysts
with higher surface area. Thus, it is obvious that the
activity of spinel Co,Zn|_4Al,04 nano-catalysts depend
on the preparation methods. The sample Co,,(,Zn,,4Al,04
had higher surface area (63.54 m’/g) than other samples,
due to smaller particle size. In addition, when the size
of particles decreases, the amount of the dispersion of
particles per volume in the solution will increase, and
the sample Co,,6Zn|,4Al,04 provide more contact area for
the reactants and catalysts, which is mainly due to their
high surface-to-volume ratio with higher surface area when
compared to other samples.™

3.11.3. Effect of Sample Composition

The sample composition of spinel Co”Zn,NAl204
(r= 0.0, 0.2, 0.4, 0.6, 0.8 and 1) nano-catalysts play an
important role in the catalytic activity. In order to study
the effect of sample composition on the activity of the cat-
alyst, various doping concentration of Co** ions were sub-
stituted in ZnAl2()4 and used as catalysts and the results
are given in Figure 12 (Table IV). The reaction was also
studied with the pure ZnAl204, under similar conditions.
Pure ZnAl,04 shows poor activity in terms of the yield for
the oxidation of benzyl alcohol. It was observed that the
catalytic activity varied with the amount of substituent of
Co-"* ions. The CO(,4n|,4A1204 sample showed maximum
yield of the benzaldehyde among all other compositions.
Generally, Co™ plays a crucial role in the H,02 decompo-
sitions, which was confirmed in the previous literatures™"'
where the finally produced Oj would greatly benefit for the
oxidation of benzyl alcohol. Another possible reason was
due to the uniform structure and smaller size with high
surface area of Co,,4Zn|,4Al204 nano-crystals. Moreover,
the sample CQ||,,Znn4Al204 provide more contact area for
the reactants and catalyst, which is mainly due to their
high .surface-to-volume ratio with higher surface area when
compared to the pure ZnAl204. Therefore, the greater cat-
alytic activity of sample Co,, 4ZnQ4AI204, when compared
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spinels, due lo ilie |iaiiicipalion ol more siiilace siies in
Ihe leaelion. However, pure ZnAbO, and pure C'0Al.O,.
relalbcly poor pcriorinance was delected, which were pos-
sible due lo iheir biiiger panicle si/e with lower siirlace
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to produces a miMiire ol ben/aldcliyde. ben/oie acid and
ben/yl ben/oale, ilowevcr. ben/oic acid and bcn/yl hen-
/oaic were not ohiamerl in our present siudy. Theret'ore.
ihe catalyst was loiind lo be highly seleelive.

3.11.4. Effect oj Reaction Time

In order to prove the catalytic activity of the as-prepared
spinel nano-catalysts, the oxidation of henzyl alcohol was
carried out using HiO, as the oxidant along with 0.) g
catalyst using acetonitrile as the solvent. Reaction time is
very important to measure the activity of catalyst. Product
analysis was carried out at different time intervals of 30,
60,90. 120, 180, 210, 240,270 and 300 minutes. Figure 12
shows the effect of reaction lime on the conversion of
benzyl alcohol into benzaldehyde using Co,Zii|_,Al204
(v=0.0. 0.2. 0.4. 0.6, 0.8 and 1) nano-catalysts. The
result indicates that the conversion increased almost lin-
early with reaction time up to 180 min and then increased
slowly from 180 lo 240 min. The slower rate period from
30-180 min may be due to the competitive adsorption
of the product (benzaldehyde) molecules on the active
sites of the catalyst which may hinder the incoming ben-
zyl alcohol molecules to participate in further reaction.*”
It is observed that at 240 min of catalytic test, satura-
tion is reached which may be due to the saturation of
the adsorption of molecules in the pores of the sample.
The conversion was found lo be nearly same for the 240
and 300 min experiments, indicating the constant conver-
sion after 240 min. No appreciable change in the oxi-
dation of benzyl alcohol to benzaldehyde was observed
when running the reaction for 300 min. Similar results
were reported earlier by Ali et a.* The only product of
benzaldehyde was obtained from these nano-catalysts. But
the catalyst surface gets regenerated by the action of the
HiOj (oxidant) with the catalyst, which leads to desorp-
tion of the product molecules, thereby favoring further
oxidation.

3.11.5. Effect of Catalyst Amount

Figure 13 shows the effect of the amount of
CO|,"Zn,4Al,()4 catalyst on the conversion and selectivity
towards the oxidation of benzyl alcohol into benzalde-
hyde (Table V). With an increase in the amount of cat-
alyst from 0.1 to 0.3 g, the conversion of benzaldehyde
is increa.sed from 6,3.32% 10 93.25%, the conversion and
yield remain nearly the .same, which .suggests that large
amount of catalyst, is not needed to improve the reaction
product. The conversion of benzyl alcohol into benzalde-
hyde was found to increa.se considerably upon increasing

03 04 s of
Catalyst amount (g)

Figure 13. The amount ol spinel Copp./.UiijjAKOj catalyst on the con-
version and selectivity towards the oxidation of benzyl alcohol to ben-
zaldehyde (reaction conditions: Catalyst (Co,,(,Zn,,4Al.0%; 0.1 to 0.8 g);
Henlyl alcohol. 5 ininol; Acetonitrile. .S mmol; I1CO,. 5 mmol: Temper-
ature. 80 "C. time. 5 li).

the catalyst amount upto 0.5 g, while it remained almost
unchanged when increasing the amount of catalyst 0.6
10 0.8 g. However, it was found that with the increase
of catalyst amount the conversion and yield increased
upto 0.5 g. This may apparently due lo the availabil-
ity of more active sites of the catalyst. Increasing the
catalyst amount, improved the conversion efficiency upto
93.25% (0.5 g) within 5 h of time, which indicates that
the increase in the catalyst, increase the catalytic active
sites and thus accelerated the conversion of the substrates.
Therefore, the optimized catalyst amount for the reaction
is 0.5 g. Therefore, the present study indicate that an
appropriate conversion and selectivity was obtained even
with the small amount of cataly.st 0.5 g. Oxidation over
CQ, ftZn||4Al204 nano-catalyst using eeo-friendly oxidants,
such as, hydrogen peroxide is preferred recently for envi-
ronmental and economic benefits. Thus, an effective route
is achieved for Ihe conversion of benzyl alcohol into ben-
zaldehyde using COJ||"Zn,,4AI204 nano-cataly.st with better
selectivity.

Table V. The conversion and selectivity percentage for the oxidation of
benzyl alcohol to benzaldehyde (reaction conditions: Catalyst (0.1. 0.2.
0.3. 0.4, 0.5. 0.6. 0.7 and 0.8 g); Benzyl alcohol, 5 mmol: Acetonitrile,
5 mmol: H.O,. 5 mmol; Temperature, 80 “C. time, 5 h).

Catalyst amount (g)

Conversion (9f) Selectivity (9J)

ol 65.32 93.21
0.2 76.81 95.25
0.3 82.54 97.53
0.4 89.93 98.74
05 93.25 99.56
0.6 92.68 99.13
0.7 92.49 99.01
0.8 92.21 99.11



J.11.6. Kldncl i)j the Oxiilanl ami the Solvent

In ihc absenoj of oxidanl. ihc fornialion ol' hon/akichydi.’
was not observed. This €\ idenlly ruled out the possibility
ol the reaetion oeenrrine. due to the partieipatinn of lattiee
oxygen alone. Hence the reaction was siib.secliiently carried
out in presence ol 11,0 , oxidant. 11,0, oxidanl showed
signilicanl yields in aceK'nilrile niediiini. due to the l'or-
inalion ol' peroxycarhoxiniidic acid intermediate which is
a good oxygen translcr tigent. In the absence ol' solvent,
very low amonni ol hen/aldehyde lormalion was observed
{2vi). Con.sequently, the reaction was earned out using
acetonitrile solvent. The highest yield of hen/aldehyde
(93.25%) was observed for CO|,ftZn,,4AI204 nano-catalyst
using H,02 as the oxidanl in acetonitrile medium. Ace-
tonitrile can activate peroxide by forming a perhydroxyl
anion (OOH*) that nucleophilically attacks the nitrile to
generate a peroxycarhoxiniidic acid intermediate, which is
a good oxygen transfer agent. Both organic substrate as
well as the oxidanl IHOt dissolves in acetonitrile forming
a uniform .solution."”

3.11.7. Proposed Catalytic Reaction Mechanism

In this pre.sent study, spinel Co,Zn,_,Al204 (v= 0.0, 0.2,
0.4, 0.6, 0.8 and 1) nano-catalysts were prepared by a sim-
ple MCM technique, has proved to be powerful for the
selective and environmentally caring benzyl alcohol oxida-
tion. The proposed mechanism for .spinel Co,Zn,_, Al204
catalyzed reaction of acetonitrile medium is shown in
Scheme 2. Initially, .solvent acetonitrile can activate H,0,
by forming a perhydroxyl anion (OOH*), which nucle-
ophilically attacks the nitrile to generate an intermediate
peroxycarboximidic acid. It well known that the formed
intermediate is a good oxygen transfer agent. The organic
substrate (benzyl alcohol) and the oxidant HiO, dissolves
in acetonitrile, which activate HjOi to (K)H* anion and
forming Zn-OOH species."” This account revealed that the

CH.CN H,0 HCXr

ZnAl204

Scheme 2. Schcnialic diagram of catalytic oxidation of benzyl alcohol
into benzaldehyde by spinel Co,Zn,_~AUOj = 0.0. 0.2, 0.4, 0.6, 0.8
and 1) nano-caialysis.

phenyl ring and the OH group of benzyl alcohol imer-
tiet with Zir' ion of ZiiAlL.Oj and the inner active sites
remains imael. The interaction of phenyl ring and OH
group with the outer metal ions of ZnAUO, is also evi-
dent hy the adsorption of phenyl ring on ZiiAl.Oj. How-
ever. the catalyst surface gets regenertited hy the action
of the oxidant with catalyst, which leads to desorption of
the product molecules, thereby favoring lurther oxidation.
Hence, this process is of great interest for the .selective
oxidation of benzyl alcohol into hen/aldehyde. It is noted
thill not only the conversion of benzyl alcohol, but also
the benzaldehyde .selectivity was higher for the sample
Co,|(iZn|,4A1,04. In addition, H202 has been proved to be
very efficient and environmentally friendly oxidant, since
the product is only aldehyde."*

3.12. Reusability Studies

The catalytic oxidation of benzyl alcohol into benzalde-
hyde was employed as a model reaction to investigate the
reusability of spinel Co,,(,Zn||4Al204 nano-eatalyst. The
recycling of nano-catalyst is very important for industrial
and technological applications. The reusability of nano-
catalyst for the liquid phase oxidation of benzyl alcohol
into benzaldehyde was evaluated and the results are shown
in Figure 14. The percentage yield versus number of
cycles for the reusability of CO||*Znn4AI204 nano-catalyst
is shown in Figure 14. For this purpose, the sample was
filtered off from each run and washed several times with
ethanol and dried at 120 °C in an air oven for 3 h and
was checked for five consecutive runs under the same con-
ditions. During the five runs investigated, the conversion
of benzyl alcohol was in a range from 93.25 to 92.83%
for the sample CO(,6Zn(,4AI204, indicating that the cata-
lyst displays good reproducibility and stability. Interest-
ingly the formation of benzoic acid was not detected. Since

Cycles

Figure 14. The reusability of the catalyst for the oxidation of benzyl
alcohol to benzaldehyde.



ihc “pinci Co,, ,,Zn,, ,Al .0| luino-catalysi Is able lo om-
di/e ben/yl alcohol imo hcii/aldchydc wiili Inch aciiv-
iiy. hiahiv recyclable, remarkably siabic ami environmcrual
rrieiully, ihey are promising candidales lor llie mdtislrial
applications.

4. CONCLUSIONS

.Spinel Co,Zn, ,AlL(j (v=0.0. 0.2, 0,4, 0,6, 0.Sand 1)
nano-cryslals were snecessrulK prepared by a simple
MCM route using metal nitrates atid Aloe vent plant
extract solution as raw materials. The ellect ol Co™ dop-
ing on the structural, morphological, optical and magnetic
properties was investigated and also the catalytic activity
for the selective oxidation of benzyl alcohol was inves-
tigated. Powder XRD pattern suggested the formation of
pure gahnite in all the Co' doped ZnAl,0_, matrices. The
precious crystallite size estimated from Rietveld refine-
ment XRD method is good agreement with the results
obtained through the Scherrer's method. Also, the XRD,
EDX and SAED results indicate that the as-synthesized
Co”Zn,."AEO4 nano-crystals have spinel structure wdth-
out the presence of any other pha.se impurities. The appear-
ance of two bands between 500 and 900 cm“' in FI'-||{
spectra revealed the formation of spinel structure. HR-
SEM and HR-TEM images depicted the formation of
well developed particle-like crystal morphology with nano-
sized grains. UV-Visible DRS results showed the band gap
energy of pure ZnAEO04 is 4.12 eV and it is decreased
from 3.89 eV to 3.67 eV with increasing the Co-dopant
(v= 0.2- 1.0). indicating quantum confinement phenom-
ena, also, due to the formation of sub band gaps. PL
spectra of pure and Co""-doped ZnAlj04 nano-crystals
suggested defect controlled processes. VSM study revealed
that the doping of Co™ in Z1IAI204 can bring in dia-
magnetism to .superparamagnetic and then ferromagnetic
behavior. It was found that Co,, ~Zn|,4Al204 is highly active
towards the selective oxidation of benzyl alcohol into ben-
zaldehyde at low temperature with high yields (99.56%),
becau.se of the higher surface area and pre.sence of more
number of active sites, due to the influence of addition of
Aloe vera plant extract. Hence, the addition of Aloe vera
plant extract during the preparation procedure enhances
the catalytic properties of COjzZn|_,Al,04.
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